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ABSTRACT
We derive a distance of 16.1 ± 0.5 Mpc to the archetypical Seyfert 1 galaxy NGC 4151 based on
the near-infrared Cepheid Period–Luminosity relation and new Hubble Space Telescope multiband
imaging. This distance determination, based on measurements of 35 long-period (P >25d) Cepheids,
will support the absolute calibration of the supermassive black hole mass in this system, as well as
studies of the dynamics of the feedback or feeding of its active galactic nucleus.
1. INTRODUCTION
Local active galactic nuclei (AGNs) provide unique
laboratories to study the co-evolution of galaxies and
their supermassive black holes (SMBHs). At redshifts
z < 0.005 (D . 20 Mpc), the host galaxies are well re-
solved, enabling detailed studies of the structure and
dynamics of the their interstellar gas and any connec-
tion to the AGN through feedback or feeding. Addi-
tionally, since the sphere of influence of the central su-
permassive black holes is spatially resolved in these local
systems, the black hole mass can be measured using re-
solved dynamical methods. Local AGNs, therefore, are
not only central to our understanding of SMBH scaling
relations in AGNs, but are also crucial in calibrating
SMBH mass measurements based on methods (e.g., re-
verberation mapping) applicable at higher redshifts (see
Ferrarese & Ford 2005; McConnell & Ma 2013; Sahu
et al. 2019; Zubovas & King 2019 for reviews).
However, these local AGNs are subject to a single sys-
tematic uncertainty that makes all physical parameters
highly uncertain: their distances. With accurate knowl-
edge of the local Hubble Constant H0 (currently better
than a few percent, though tension with results from the
cosmic microwave background and baryon acoustic os-
cillations remains; Riess et al. 2019), the uncertainty of
extragalactic distances is principally limited by peculiar
velocities relative to the Hubble flow. At very low red-
shifts, the peculiar velocities can be large compared to
the cosmological expansion rate. Even for galaxies as far
away as 20 Mpc, peculiar velocities can introduce errors
of 20% or more in their redshift-based distances and, of
course, the problem is more severe for nearer galaxies.
Redshift-independent distances for the late-type hosts
of local AGNs are available only through the Tully–
Fisher relation (Tully & Fisher 1977), but nevertheless
are typically uncertain by an irreducible 20%, and more
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for galaxies at lower inclination. Without an accurate
distance, measurements of many other parameters are of
limited utility, hampering our ability to understand the
impact of the AGN on the evolution of the host galaxy.
Thus, we find ourselves in a paradoxical situation for
these local AGNs: even while they are the best systems
for detailed studies of the structure, dynamics, and ener-
getics (including luminosity measures) of the AGN and
host galaxy, these are precisely the objects for which a
lack of accurate distances makes all physical parameters
highly uncertain.
Understanding the masses of SMBH in nearby AGNs
also depends on accurate distance measurements. AGN
black hole masses are generally best determined by re-
verberation mapping (RM; Peterson 2014). As it is usu-
ally applied, RM yields black hole mass uncertainties
at ∼ 0.3–0.4 dex, but careful modeling of high-quality
data can reduce the uncertainties to 0.1–0.2 dex (Pan-
coast et al. 2014b; Grier et al. 2017) and are distance-
independent. However, verification of RM-based masses
requires independent measurements using other tech-
niques such as modeling stellar or gas dynamics and,
more recently, interferometry (Gravity Collaboration
et al. 2018), that are distance dependent and, for the
most part, applicable only to the nearest AGNs. Accu-
rate distances to nearby AGNs are thus crucial for ver-
ification of RM-based masses by other techniques, par-
ticularly as the mass measurements themselves become
increasingly precise.
For galaxies out to ∼50 Mpc, Cepheid variables pro-
vide an excellent means of distance determination, en-
abled by the Period–Luminosity Relation (PLR) or
Leavitt Law (Leavitt & Pickering 1912). Recently, Bentz
et al. (2019) applied this method at optical wavelengths
to the Seyfert 1 galaxy NGC 6814, in order to compare
the SMBH mass inferred from dynamical modeling and
reverberation mapping. In this contribution, we employ
Cepheid variables to determine the distance to the well-
known nearby AGN NGC 4151.
NGC 4151 is one of the best-studied AGNs at all wave-
lengths (e.g., Ulrich 2000). Yet, despite the intensive
scrutiny that it has received on account of its proximity,
we do not know its distance to any acceptable degree of
accuracy; indeed, the most extreme distance estimates
differ by more than a factor of seven. The Extragalac-
tic Distance Database (Tully et al. 2009) quotes a dis-
tance for NGC 4151 of 11.2 Mpc based on the average
distances of its fellow group members. Only four galax-
ies contribute to this group-averaged distance, however,
with individual distances ranging from 3.9 to 34 Mpc
based on the Tully–Fisher line width–luminosity corre-
lation. The object with the smallest estimated distance
is NGC 4151 itself at 3.9 Mpc; however, the total galaxy
luminosity has not been corrected for the large contribu-
tion from the AGN itself, which would cause the galaxy
to appear brighter, and therefore nearer, than it actu-
ally is. A distance of 29.2 ± 0.4 Mpc is based on dust
reverberation (Yoshii et al. 2014), and one other mea-
surement of 19±2 Mpc is based on interband continuum
lags and a thermal reprocessing model (Cackett et al.
2007). By combining an IR interferometric angular size
measurement with a dust reverberation result, Ho¨nig
et al. (2014) infer a distance of 19.0+2.4−2.6 Mpc. Recently,
Tsvetkov et al. (2019) analyzed the type II-P supernova
2018aoq, obtaining a distance of 20.0±1.6 Mpc using the
expanding photosphere method and 16.6±1.1 Mpc using
the standard candle method. To further illustrate the
confused situation, distances to NGC 4151 adopted in
recent works include 13.2 Mpc (Hicks & Malkan 2008),
13.3 Mpc (Storchi-Bergmann et al. 2010; Iserlohe et al.
2013), 13.9 Mpc (Onken et al. 2014; De Rosa et al. 2018),
14.9 Mpc (Esquej et al. 2014), 16.6 Mpc (Bentz et al.
2013), 16.9 Mpc (Burtscher et al. 2013), and 17.6 Mpc
(Kishimoto et al. 2011).
An uncertain distance to NGC 4151 limits our un-
derstanding of the feeding and feedback processes that
we can otherwise study in great detail. For example,
the geometry, kinematics, and excitation (e.g., Winge
et al. 1999; Das et al. 2005; Shimono et al. 2010; Storchi-
Bergmann et al. 2009) of the spatially extended narrow-
line region have been well-characterized. AGN-driven
outflows have been mapped by Storchi-Bergmann et al.
(2010), using near-infrared integral field spectroscopy,
down to 8 pc from the nucleus. The UV absorption spec-
trum (e.g., Crenshaw & Kraemer 2007) demonstrates
that there is considerable kinetic energy in outflows.
The calculated mass outflow rate, as well as the power
of the outflow, depend on the luminosity of the emit-
ting gas as well as on the geometry of the outflow, both
strongly dependent on the distance to the galaxy. It also
appears that energetic feedback is occurring on large, re-
solvable scales. For example, Wang et al. (2010) study
the X-ray emission that fills the “H i cavity” in the cen-
tral ∼ 2 kpc of NGC 4151 and consider four separate
hypotheses on the origin of the X-rays and the energet-
ics of the interaction between the AGN and the host
galaxy. These estimates of the energetics depend lin-
early on distance, but they still constitute some of the
best measurements of AGN feedback in any galaxy in
the observable universe.
Finally, NGC 4151 is one of the few AGNs where
the mass of the supermassive black hole has been mea-
sured by more than one technique: from stellar dy-
namics, MBH = 3.76 ± 1.15 × 107M (Onken et al.
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2014); from gas dynamics, MBH = 3.0
+0.75
−2.2 × 107M
(Hicks & Malkan 2008); and from reverberation map-
ping, MBH = 2.14
+0.75
−0.55 × 107M, with an additional
systematic uncertainty of ∼ 0.15 dex (De Rosa et al.
2018). The precision of the reverberation measurement
is likely to improve with detailed modeling.
In this work, we derive the distance to NGC 4151
based on one of the most accurate and widely-used
methods, the Cepheid PLR, using data obtained with
the Hubble Space Telescope (HST). The rest of this ar-
ticle is organized as follows: in §2, we detail our ob-
servations, data reduction, and photometry; in §3, we
describe the Cepheid search; we present our results in
§4 and discuss our findings in §5.
2. OBSERVATIONS, DATA REDUCTION, AND
PHOTOMETRY
We acquired multiband time-series images of NGC
4151 using the Wide Field Camera 3 (WFC3) onboard
HST. The galaxy’s optically bright disk fits well within
the field of view of both the UVIS and IR detectors of
this instrument. Thanks to the exceptional resolving
power of HST, hundreds of thousands of bright stars,
including long-period Cepheids, can be photometrically
measured in the images. A color composite of NGC 4151
from these HST observations is shown in Fig. 1. We re-
duced these HST data and performed photometry using
DAOPHOT (Stetson 1987) and related programs. We em-
phasize that the analysis methods used in this work are
independent from (and should not be confused with) the
methods used by the SH0ES project (Hoffmann et al.
2016; Riess et al. 2016).
2.1. Observations
In order to search for Cepheids and measure their pe-
riods, we made use of the long-pass optical filter F350LP
to phase the light curves with 12 epochs across a baseline
of 74 days, in the middle of which the telescope’s orien-
tation angle changed once. The F350LP filter transmis-
sion curve is significantly broader in wavelength than
the combination of F555W and F814W filters, boosting
the Cepheid discovery efficiency by a factor of ∼ 2.5
compared to the filters used traditionally (Hoffmann
et al. 2016). We also observed NGC 4151 in F555W (3
epochs), F814W (3 epochs), and F160W (6 epochs), to
obtain well-calibrated Cepheid PLRs based on combina-
tions of these filters (Riess et al. 2016). All these obser-
vations were dithered to enable hot-pixel and/or cosmic-
ray rejection. The per-epoch exposure times were 1050,
1100, 1100, and 1106 s for F350LP, F555W, F814W,
and F160W, respectively. A detailed observation log is
presented in Table 1.
Table 1. Observation Log
Epoch MJD Dither×Exposure Time (seconds)
F350LP F555W F814W F160W
1 57363.1 3×350 · · · · · · 2×553
2 57370.7 3×350 2×550 · · · · · ·
3 57377.9 3×350 · · · 2×550 · · ·
4 57384.7 3×350 · · · · · · 2×553
5 57390.0 3×350 2×550 · · · · · ·
6 57392.8 3×350 · · · · · · 2×553
7 57399.1 3×350 · · · 2×550 · · ·
8 57405.9 3×350 · · · · · · 2×553
9 57414.7 3×350 2×550 · · · · · ·
10 57423.6 3×350 · · · · · · 2×553
11 57429.5 3×350 · · · 2×550 · · ·
12 57436.9 3×350 · · · · · · 2×553
2.2. Data Reduction
We retrieved calibrated images (flat-fielded, dark-
subtracted, charge-transfer efficiency corrected, etc.)
from the Mikulski Archive for Space Telescopes
(MAST), then registered and drizzled them using the
AstroDrizzle v2.2.6 package. All the optical images
(F350LP, F555W, and F814W) were iteratively regis-
tered to the first F350LP image, while all the NIR im-
ages were registered to the first F160W image due to the
different optics and pixel scales of the IR and UVIS de-
tectors. We drizzle-combined the aligned images of each
band into deep master images, with cosmic rays rejected
for the optical bands. We also produced a single drizzled
image for each epoch, which serves as the basis for the
time-series photometry. We set the drizzle pixel scales
to the native 0.04′′ for the optical images, and a 1/3-
finer-than-native (i.e., 0.08′′/pixel) for the F160W ones.
We modeled the surface brightness gradients of all the
drizzled images and subtracted these models prior to
carrying out the photometry. NGC 4151 exhibits a high
surface brightness in a large central region of the disk
and a steep gradient in the outskirts, which hampers
the ability of DAOPHOT to detect sources and accurately
fit PSFs. We masked all point sources found in each
image at > 7σ significance, performed thin-plate spline
fits to the background pixel counts across the image us-
ing the R implementation of the Tps function with de-
fault settings, and obtained a smooth surface brightness
model. Fig. 2 shows the results for F350LP as an ex-
ample. These models were also used for local crowding
estimation for Cepheids, as detailed below.
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Figure 1. Color image of NGC 4151 using our master frames in F350LP, F555W, F814W, and F160W as the luminance layer
and the blue, green, and red channels, respectively. A square-root scaling was applied to all layers to increase visibility of the
outer disk. Color is only shown where all layers overlap, while grayscale is used in areas not covered in F160W .
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Figure 2. The F350LP surface brightness model shows
large gradient and complex variations of the background level
across NGC 4151, in units of count rate per square arcsecond.
Note the z-axis is plotted using a log scale.
2.3. Photometry
Given their superior depth and resolution, the F350LP
data were used to derive the positions of point sources.
This information was propagated to other bands for
fixed-position photometry. This strategy not only al-
lowed us to track stars in different bands with the same
set of identifiers (IDs), but also provided more accurate
flux measurements for other bands, especially in F160W
where the resolution is much worse. We summarize be-
low the photometry procedures for each band.
F350LP—We started by creating a source list from
a two-pass 3σ source detection on the F350LP mas-
ter image using DAOPHOT and ALLSTAR (Stetson 1994),
then performed simultaneous PSF photometry on the
12 epochs of F350LP images using ALLFRAME (Stetson
1994). In this step, we allowed both the stellar positions
and flux to vary until a global PSF fit of all the sources
converged. We excluded from the photometry results
spurious sources associated with the stray light of fore-
ground bright stars or background extended sources, as
well as stars with exceptionally large (top 0.38%) mea-
surement errors for their magnitudes. We selected 57
bright, isolated, non-variable stars as secondary stan-
dards to calibrate the epoch-to-epoch magnitude zero-
Table 2. Secondary Standards
ID R.A. Decl. F350LP F555W F814W
[J2000] [mag(mmag)]
79502 182.61050 39.41246 26.237(17) 27.647(23) 27.210(22)
73817 182.61060 39.41312 25.443(18) 27.023(10) 27.046(28)
41386 182.61072 39.41676 24.514(25) 26.120(14) 25.980(19)
76745 182.61148 39.41319 24.180(18) 25.788(12) 25.006(10)
59463 182.61307 39.41580 25.214(12) 27.507(20) 25.217(14)
37771 182.61457 39.41887 24.647(26) 26.168(17) 25.918(29)
158737 182.61525 39.40575 23.987(21) 25.580(13) 25.294(17)
149856 182.61543 39.40682 25.981(18) 27.548(15) 26.883(35)
35238 182.61730 39.42037 25.395(16) 26.940(19) 26.669(27)
118806 182.61890 39.41185 25.562(12) 27.048(16) 26.451(26)
60500 182.61891 39.41829 24.209(23) 25.890(11) 25.572(16)
202324 182.61935 39.40209 26.180(19) 27.798(18) 27.990(50)
Note—Coordinates are based on the WCS solution of the first F350LP
image. Uncertainties are given in parentheses and are expressed in units
of mmag. This table is available in its entirety in machine-readable form.
point offsets. Their positions and calibrated Vega mag-
nitudes are listed in Table 2. We extracted the F350LP
light curves using the TRIAL program kindly provided
by Peter Stetson.
F555W & F814W—We performed F555W and F814W
photometry using a modified version of ALLFRAME which
fixes the stellar positions during the PSF fitting. We ran
ALLFRAME on the F350LP, F555W, and F814W master
images, with positions fixed to those derived from the
aforementioned F350LP time-series photometry. This
method kept the stellar centroids from drifting during
the PSF fit and provided high precision F555W and
F814W flux measurements. We based the optical magni-
tude calibration on the photometric measurements from
this step.
F160W—While the F350LP stellar catalog contained
a complete set of detectable sources in F555W and
F814W, it did not include a large number of redder ob-
jects that appear only in the F160W image. We simulta-
neously fit all the point sources in the F160W image by
combining the list of F350LP objects that were detected
in F160W with those that were found only in the NIR.
We first transformed the positions of the F350LP cat-
alog to the F160W frame and performed a preliminary
PSF fit. We then subtracted any detected stars from the
F160W master image and obtained a residual image. Af-
ter that, we ran a two-pass 3σ source detection on the
residual image to find additional sources that only ap-
peared in F160W. Finally, we combined the lists to form
a complete F160W source input catalog and performed
iterative PSF fitting using ALLSTAR in fix-position mode
to obtain the final F160W photometry.
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3. CEPHEID SEARCH
We searched for Cepheids in NGC 4151 using a com-
bination of template fitting and visual inspection.
3.1. Variable Candidate Selection
We selected candidate variables using the widely-used
Stetson (1996) L index, which measures the significance
of variability in a light curve taking measurement error
into account. In our case, L is reduced to
L =
∑
i
sgn(δ2i − 1)|δ2i − 1|1/2
0.798 · 12 · √n ·
∑
i
|δi|√∑
i
δ2i
δi =
√
n
n− 1
vi − v
σi
,
where sgn is a function that returns −1 for negative val-
ues and 1 otherwise, n, vi, σi, and v are the total num-
ber of measurements, the ith magnitude, the ith photo-
metric uncertainty, and the weighted mean magnitude,
respectively, for F350LP. Constant stars should have
L ∼ 0, while Cepheids should exhibit positive L (Stetson
1996).
In practice, the photometric uncertainties reported
by ALLFRAME are known to exhibit nonlinear and
magnitude-dependent biases (as illustrated in Fig. 3)
which often lead to a nonuniform shape for the
variability–magnitude (L–m) distribution (Kaluzny
et al. 1998). Instead of rescaling measurement errors, we
subtracted the median curve of the L–m relation. The
original and adjusted relations are shown in Fig. 4. We
conservatively chose L > 0.5 and selected 6,956 variable
candidates out of 403,738 objects. For reference, Stet-
son (1996) adopted L > 0.9 while Hoffmann et al. (2016)
used L > 0.6− 0.75.
3.2. Cepheid Template Fit
Thanks to their periodicity and predictable light curve
shapes, Cepheids with sparse sampling can be accu-
rately characterized with template-fitting methods (e.g.
Stetson 1996; Tanvir et al. 2005). We made use of the
Yoachim et al. (2009) V-band Cepheid templates, which
are well applicable to the F350LP data given the simi-
larity in effective wavelength between these two filters.
Similar to the practice of Shappee & Stanek (2011)
and Hoffmann et al. (2016), we modified the Yoachim
et al. (2009) fitting method by letting the Cepheid am-
plitude be a free parameter. Their templates were de-
rived from eighth-order Fourier series, whose coefficients
Figure 3. Illustration of the magnitude-dependent errors in
measurement errors for nonvariable stars (−0.1 < L < 0.1).
The vertical axis represents the ratio of reported errors and
true errors, obtained by rescaling the reduced χ2 to unity.
The red points and curve indicate the median values in each
magnitude bin and their spline fit, respectively.
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Figure 4. The original (top) and adjusted (bottom) L index
against F350LP magnitudes. The red dashed lines indicate
the median curves of the L–m relations. The red solid line
in the lower panel indicates our threshold for variable selec-
tion. Points with L > 2.5 are indicated by arrows. Magenta
symbols indicate the Cepheids described in §3.3.
were firstly transformed into 4 leading parameters ob-
tained from principal component analysis (PCA) and
then modeled as polynomial functions of period. This
yields fixed template amplitudes for a given period.
Since Cepheids with the same period span a range of
amplitudes (Stetson 1996) we solved for the amplitude
in our template-fitting procedure, expressed as
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Figure 5. Color (left) and period (right) cuts (shown as red dashed lines) imposed on the visually-identified Cepheid candidates.
The variable identified by the red circle in the right panel was excluded based on its PLR residual.
m = m+
A
A(P )
×
( 8∑
i=1
αi sin(iΦ) + βi cos(iΦ)
)
Φ = 2pi(
t
P
+ φ)(
α
β
)
= V +
4∑
j=1
aj ·Vj
aj = Polynomialj
(
logP
)
,
where m, A, P , and φ are free parameters for mean
magnitude, amplitude, period, and initial phase, respec-
tively. A(P ) is a period-dependent factor that scales
the amplitudes of those original templates to unity. V
and Vj are the mean and jth PCA vector, respectively.
Polynomialj represents the jth polynomial function as
shown in Fig. 8 of Yoachim et al. (2009). The allowed
ranges of the free parameters were 0.01 < A < 2 mag,
10 < P < 120 days, and 0 < φ < 1.
We fit the templates to all the variable candidates and
derived the best-fit parameters, despite the fact that
most of them are not Cepheids. We adopted the SLSQP
method (Kraft 1988) to search for the least square fit. To
find the global minimum of the χ2, in each fit we used
1500 initial guesses for the nonlinear spaces P and φ,
forming a meshgrid of 150 logarithmically spaced trial
periods and 10 evenly spaced trial phases. We deter-
mined a template error of 0.05 mag using the OGLE
Cepheid light curves (Soszynski et al. 2008), and added
it to the covariance matrix in quadrature. We obtained
the best-fit “periods” and “amplitudes” for all the can-
didate variables.
We rejected objects exhibiting unrealistic amplitudes
or periods that are longer than the observation base-
line by 20%, then visually inspected the remaining light
curve fits to identify Cepheid candidates. We computed
the F350LP amplitudes (A) of template fits, and re-
jected objects with A > 1.7 mag or A < 0.4 mag. Given
the limited time span of the observations, we also re-
stricted the visual selection sample to objects with “pe-
riods” shorter than 90 days. We visually inspected the
light curves of 4,544 objects that survived these cuts
and subjectively identified 136 Cepheid candidates that
fit well to the saw-tooth shaped templates, with a phi-
losophy that sample cleanliness is more important than
completeness.
3.3. Color & Period Cuts
We inspected the F555W −F814W colors and the op-
tical Wesenheit PLR of the Cepheid candidates and ap-
plied additional cuts on color and period shown in Fig. 5.
We rejected 4 candidates with F555W − F814W > 2
mag, which are possibly due to extreme reddening or
measurement errors. We found that the scatter of
the optical Wesenheit PLR was significantly larger for
P < 25 d. Since the optical color is used in the NIR
Wesenheit distance determination, we excluded 96 can-
didates with P < 25 d. We further rejected one ob-
ject that is ∼8σ off the PLR, leaving 35 long period
(P > 25 d) Cepheids that survived all cuts. We present
their light curves in Fig. 6.
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Figure 6. F350LP light curves of the 35 optically identified Cepheids ordered by period. The blue curves indicate the best-fit
models. We plot two cycles of pulsation for visualization purposes.
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4. RESULTS
As described in §2.3, our photometry strategy allowed
us to track the F160W Cepheid measurements by ID.
We measured the F160W magnitudes for 32 out of the
35 optically identified Cepheids, with one of them off
the F160W frame and two that were not detected in
the F160W frame. We computed their crowding bias
in photometry for both F160W and optical data using
artificial star tests, and calibrated their magnitudes onto
the Vega system. Finally, we obtained the optical and
NIR Wesenheit PLRs of these Cepheids and derived the
distance to NGC 4151.
4.1. Crowding Correction
We corrected for photometric bias including crowd-
ing through artificial star tests. “Crowding” refers to
the measurement bias in crowded-field PSF photome-
try. This effect is location- and image-specific and highly
dependent on the exact method used to carry out the
photometry. It is usually characterized via artificial star
tests (e.g., Stetson & Harris 1988; Gallart et al. 1996;
Holtzman et al. 2006). We estimated the bias of our pho-
tometric procedure by injecting and measuring one arti-
ficial star at a time in the vicinity of each Cepheid. We
repeated this process 100 times (200 times for F160W)
in order to obtain statistically solid estimates. We also
measured the dispersion of the recovered magnitudes of
the artificial stars to obtain an estimate of the measure-
ment uncertainty, which was added in quadrature to the
Cepheid photometric errors. The magnitudes of artifi-
cial stars were based on the periods of their counterpart
Cepheids and best-fit Cepheid PLRs, and as a result
multiple realizations of the artificial star tests were per-
formed to update the Cepheid PLRs with iteratively-
determined corrections. We found mean corrections of
0.011, 0.006, 0.010, and 0.047 mag for F350LP, F555W,
F814W, and F160W, respectively. We once again note
that these values are highly dependent on the adopted
photometry strategy and thus cannot not be compared
with crowding corrections obtained using different meth-
ods and/or applied to other data sets. The only mean-
ingful comparison should be based on fully-corrected
and calibrated magnitudes for the same stars in the same
images.
4.2. Magnitude Calibration
We calibrated the Cepheid magnitudes onto the Vega
system by adding the aforementioned crowding correc-
tion, as well as phase sampling correction, aperture cor-
rection, and Vega zeropoints, to be discussed below.
By convention, the mean magnitude of a Cepheid
refers to its intensity mean over a full cycle. However,
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Figure 7. Aperture corrections in F350LP , F555W ,
F814W and F160W (clockwise from upper left). Circles indi-
cate magnitude offsets between PSF and aperture photom-
etry of those stars selected from SH0ES images (see text).
Red lines are the curves of growth obtained using PySynphot.
Blue lines indicates the correction to infinite aperture. Ver-
tical dashed lines indicate the maximum radii used in the
curve-of-growth fits.
the directly measured magnitudes from the drizzle com-
bined images are sparsely sampled and do not exactly
cover one cycle. We computed the offset between the di-
rectly measured magnitude and full-cycle intensity mean
using the best-fit F350LP template for each Cepheid.
For the F555W and F814W band, we scaled the ampli-
tude of the F350LP light curve by the relation in Table 2
of Hoffmann et al. (2016). By simulating F160W light
curves (sinusoidal shape assumed) of a typical 0.3 mag
amplitude, we found that the F160W phase corrections
are marginal due to the small amplitude, and thus we
did not include them in the calibration.
We derived the aperture correction and Vega zero-
points using the PySynphot v0.9.12 package (STScI
Development Team 2013). Due to the lack of isolated
bright stars in the NGC 4151 field, we derived PSF mod-
els and their aperture corrections based on HST images
taken with a similar configuration. We selected hun-
dreds of suitable stars from the images acquired by the
SH0ES team (Riess et al. 2016), who observed Cepheids
in dozens of nearby galaxies. For F160W, we made use
of archival observations of the standard star P330E to
construct the PSF model. We measured the aperture
magnitudes of a series of aperture sizes using DAOPHOT,
and computed their offsets against the PSF magnitudes,
as shown in Fig. 7. These offsets were then fit to the
curve of growth obtained from PySynphot by adjusting
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Table 3. Cepheid Properties
ID R.A. Decl. P Ampl. F350LP F555W F814W F160W
[J2000] [day] [mag] [mag(mmag)]
317030 182.655415 39.402869 25.098 1.012 26.274( 83) 26.489(122) 25.293(102) · · ·
395256 182.652095 39.392541 25.412 0.914 25.535( 63) 25.819( 81) 24.766( 93) 23.877(483)
350220 182.650011 39.396713 26.405 0.494 26.133( 95) 26.450(126) 25.352(107) 24.570(558)
142091 182.649362 39.422838 26.578 0.997 25.511( 48) 25.811( 65) 24.809( 76) 24.267(177)
285952 182.628861 39.394500 27.044 1.130 27.265( 93) 27.389(160) 26.188(157) 24.896(375)
Note—Coordinates are based on the WCS solution of the first F350LP image. This table is available in its
entirety in machine-readable form.
Figure 8. Cepheid locations on the F350LP (left) and F160W (right) master images. The red circles indicate Cepheids
with F160W local surface brightness beyond 300 counts/s/sq arcsec. Magenta crosses indicate Cepheids without valid F160W
photometry.
only the Y -intercept of those red curves in Fig. 7. Since
the offset between the magnitude measured in a certain
aperture and an infinite aperture is fixed, and the offset
between instrumental and Vega magnitudes is well es-
tablished for these instruments and filters, we were able
to convert the instrumental PSF magnitudes to infinite-
aperture Vega magnitudes. We adopted a conservative
0.02 mag systematic uncertainty since we used the av-
erage of many calibrating stars in the aforementioned
SH0ES fields to calibrate a different field, NGC 4151.
We list the properties and fully calibrated magnitudes
of the final Cepheid sample in Table 3. Their locations
in the F350LP and F160W images are shown in Fig. 8.
4.3. Cepheid PLRs
We adopted the Wesenheit indices and Cepheid PLR
calibrations of Riess et al. (2019), who used the same
combination of filters. Since the crowding level varies
significantly across our field, we inspected the PLR
residuals against crowding using local surface bright-
ness (SB) as an indicator, as shown in Fig. 9. We ob-
served an increased scatter at high SB levels, and thus
restricted our sample to objects with SB(F160W ) <
300 counts/s/sq arcsec for the WH PLR. This surface
brightness cut reduced the scatter in the WH PLR by
23%. We present the final optical (W I) and NIR (WH)
PLRs in Fig. 10 and in Table 4. We note that the
F160W count-rate non-linearity correction is included
in the LMC calibration of Riess et al. (2019).
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Figure 9. WH PLR for all Cepheids with NIR measurements (left) and their residuals against local surface brightness (SB,
right). The black solid and dashed lines indicate the PLR fit and ±1σ scatter, respectively. The red points indicate Cepheids
rejected by the SB cut, indicated by the vertical red line.
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Figure 10. W I -band (left) and WH -band (right) PLRs of the final Cepheid sample. The black solid and dashed lines indicate
the PLR fit and ±1σ scatter, respectively. The distance moduli are based on the LMC PLRs of Riess et al. (2019) and the LMC
distance determined by Pietrzyn´ski et al. (2019).
Table 4. Cepheid PLRs
Index Expression Slope Intercept Scatter N
LMC NGC 4151
W I F814W − 1.3 (F555W − F814W ) -3.31 15.935 28.426 0.348 35
WH F160W − 0.386 (F555W − F814W ) -3.26 15.898 28.449 0.295 24
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4.4. Distance to NGC 4151
We adopted the LMC as the single anchor for this
work, as both its Cepheid PLRs and absolute distance
have the highest precision to date (Riess et al. 2019;
Pietrzyn´ski et al. 2019). We fixed the slopes of the
PLRs to those derived by Riess et al. (2019) and com-
puted the PLR intercept offsets between the LMC and
NGC 4151. Using the WH PLR, we derived a relative
distance modulus of ∆µ = 12.55 ± 0.07 mag. Adding
the geometrically determined LMC distance modulus of
µ = 18.477 mag (Pietrzyn´ski et al. 2019), we obtained
a distance modulus for NGC 4151 of µ = 31.03 ± 0.07
mag (D = 16.07±0.53 Mpc). We also calculated the dis-
tance modulus based on the optical measurements only
(W I PLR), which yielded µ = 30.97 ± 0.08 mag and is
consistent with the NIR-based distance.
The leading error sources in our distance determina-
tion are: the random error due to PLR scatter, the un-
certainty in the absolute distance to the LMC, the aper-
ture corrections (see §4.2) and the metallicity depen-
dence of Cepheid PLRs. To estimate the latter, we mul-
tiplied the scatter of [O/H] measurements in 21 galaxies
presented by Riess et al. (2016) by the metallicity term
coefficient in Equation 2 of Riess et al. (2016). We note
that uncertainties due to the choice of reddening law are
marginal. We present the full error budget in Table 5.
5. DISCUSSION
5.1. Black Hole Masses
One of the primary reasons for undertaking this inves-
tigation has been to facilitate comparisons among var-
ious methods of determining the masses of the central
black holes in these galaxies. NGC 4151 and NGC 3227
are among a handful of galaxies for which the black hole
radius of influence rBH = GMBH/σ
2
∗, where σ∗ is the
stellar velocity dispersion, is resolved so masses based
on stellar or gas dynamical modeling have high cred-
ibility. An accurate distance is required since masses
based on stellar or gas dynamics are distance dependent.
Masses based on reverberation mapping are, by contrast,
distance-independent. Reverberation-based masses are
computed from
MBH = f
(
∆V 2cτ
G
)
, (1)
where τ is the reverberation time lag between contin-
uum and emission-line flux variations, ∆V is the emis-
sion line width, and f is a dimensionless scaling factor of
order unity that depends on the inclination, geometry,
Table 5. Error Budget
Source W I WH
(mag) (mag)
PLR scatter 0.06 0.06
LMC distance 0.026 0.026
Magnitude calibration 0.02 0.02
Metallicity 0.03 0.02
Total 0.075 0.071
and kinematics of the broad emission-line region. The
scale factor f can be determined by detailed modeling
of reverberation data (e.g., Pancoast et al. 2014a; Grier
et al. 2017; Horne et al. 2020) and seems to be most sen-
sitive to inclination (Grier et al. 2017). In the absence
of detailed modeling, it is customary to use an average
scaling factor (Onken et al. 2004) that is determined
by assuming that both quiescent and active galaxies fol-
low the same relationship between black hole mass MBH
and bulge velocity dispersion σ∗ (Ferrarese & Merritt
2000; Gebhardt et al. 2000; Gu¨ltekin et al. 2009). The
most recent calibration gives 〈log f〉 = 0.683 (Batiste
et al. 2017) with an error on the mean of 0.030 dex and
a standard deviation of 0.150 dex. Since detailed re-
verberation models of NGC 3227 and NGC 4151 are not
yet available, we use this value here, and note that this
introduces a systematic uncertainty of ∼ 0.150 dex.
In Table 6, we show various mass determinations for
both NGC 3227 and NGC 4151 along with assumed dis-
tances for each investigation. Our preferred distance
to NGC 3227 is based on a surface brightness fluctua-
tion measurement of its interacting elliptical companion,
NGC 3226, as determined by Tonry et al. (2001) with a
correction by Blakeslee et al. (2010). Table 6 also shows
mass measurements for the central black hole in both
galaxies adjusted to our preferred distances of 23.7 Mpc
for NGC 3227 and 16.1 Mpc for NGC 4151.
The mass measurements for the SMBH in NGC 4151
include a recent determination based on gas dynamics
using integral field spectroscopy (Hicks et al., in prepa-
ration) and the various techniques applied to this sys-
tem are in excellent agreement. On the other hand,
even with the currently large systematic uncertainty in
the reverberation-based masses, the corresponding esti-
mate for NGC 3227 is much lower than the values based
on stellar or gas dynamics. However, these differences
can be understood as an inclination effect; indeed, uni-
fication models (Antonucci 1993) predict that Type 1
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Table 6. Black Hole Mass Comparison
Source Ref. Method D (Mpc) logM/M
(1) (2) (3) (4) (5)
NGC 3227 1 stars 17.0 7.18+0.12−0.33
NGC 3227 2 gas 15.6 7.30+0.18−0.10
NGC 4151 3 stars 13.9 7.58+0.12−0.16
NGC 4151 2 gas 13.2 7.48+0.10−0.58
NGC 3227 1,4,5 stars 23.7 7.32+0.12−0.33
NGC 3227 2,4,5 gas 23.7 7.48+0.18−0.10
NGC 3227 6 RM . . . 6.65± 0.20(±0.15)
NGC 4151 1,7 stars 16.1 7.64+0.12−0.16
NGC 4151 2,7 gas 16.1 7.56+0.10−0.58
NGC 4151 7,8 gas 16.1 7.68+0.09−0.11
NGC 4151 6 RM . . . 7.61± 0.05(±0.15)
Note—Columns are: 1: Source; 2: References; 3: “stars” refers
to stellar dynamical modeling, “gas” refers to gas dynamical
modeling, “RM” refers to reverberation mapping; 4: Distance
assumed; 5: Black hole mass.
The top part of this table contains the original mass measure-
ments assuming the distances listed, while the two lower parts
show the adjusted masses.
References— 1: Davies et al. (2006); 2: Hicks & Malkan (2008);
3: Onken et al. (2014); 4: Tonry et al. (2001) (distance); 5:
Blakeslee et al. (2010) (distance correction); 6: De Rosa et al.
(2018); 7: this work (distance); 8: Hicks et al., in preparation
(mass).
AGNs, like NGC 3227 and NGC 4151, are preferentially
at lower rather than higher inclination. If f ∝ 1/ sin2 i,
which is appropriate for a thin disk, this would imply
i ≈ 11o, which is consistent with the 15o inclination of
the narrow-line region (Fischer et al. 2013, though note
in their paper the inclination given is the complement of
the standard definition), but not with the less-reliable
inclination of 33o ± 2o inferred from the Fe Kα pro-
file (Patrick et al. 2012). However, the inclination of
the narrow-line region in NGC 4151 is only 21o (Winge
et al. 1999), so a similar inclination correction introduces
some tension in the mass comparison. The conclusion
we draw from this is that velocity-resolved reverberation
mapping is required for a meaningful mass comparison
in individual sources because the unknown geometry and
inclination of the BLR makes reverberation-based mass
measurement using only lag and line width too uncer-
tain.
5.2. Other Implications
We noted in the Introduction that a wide range of dis-
tances have been reported for NGC 4151. The distance
of 19.0+2.4−2.6 Mpc derived by Ho¨nig et al. (2014) by com-
bining near-IR interferometry with dust reverberation
is ∼ 18% larger than our Cepheid-based distance, but
statistically consistent. On the other hand, the dust-
reverberation distance of 29.2 ± 0.4 Mpc (Yoshii et al.
2014) is nearly a factor of two larger than our measure-
ment, probably because at least one assumption in the
theoretical prediction of the dust torus radius is incor-
rect; indeed, of the 17 objects studied, only two of 16
yielded distances consistent within the errors with the
standard luminosity distance (we will discuss a Cepheid-
based distance for the remaining source, NGC 4051, in
a subsequent paper).
The improved distance allowed us to improve both
mass and energetics in one of the nearest and best tar-
gets to study the physics of active nuclei on small scales.
For example, Storchi-Bergmann et al. (2009) derived
masses of ionized and hot molecular gas. These masses
scale asD2, and our revised distance thus increases these
masses by 46%. Similarly, the mass of ionized gas in the
outflow that was calculated as 3.1 × 106M becomes
4.6 × 106M. Storchi-Bergmann et al. (2010) derived
the mass outflow rate and outflow power. These both
scale with D, because the rates are calculated at a cer-
tain distance from the nuclear source; thus these quanti-
ties are proportional to D2/D, and therefore should be
increased by 21%.
6. SUMMARY
We obtained multiband time-series observations of the
archetypical Seyfert 1 galaxy NGC 4151 with the Hubble
Space Telescope and identified over 130 Cepheid candi-
dates in this system. We used a subset of 35 long-period
(P >25d) Cepheids to derive a distance of 16.1±0.5 Mpc
using the Near-Infrared Cepheid Period–Luminosity Re-
lation.
The precise Cepheid-based distance enabled us to up-
date previous dynamical mass determinations for the
SMBH in this AGN, which yield consistent values of
logM/M ∼ 7.6 dex. These, in turn, are in good agree-
ment with mass estimates based on reverberation map-
ping.
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